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The present test program is carried out as a part of the on-going revision of the Norwegian Concrete Association's publica- 
tion no. 7 (Sprayed concrete for rock support), which, among others, is to be harmonized with the new European standards
dealing with energy absorption capacity for fibre reinforced sprayed concrete. The new European standards describe 
square panels (continuous support), while the Norwegian tradition has been to test round panels (also continuous support)
as described in the previous version of NB7. The program that has been undertaken is a comparative study of these two 
methods. The present report gives the results from the fourth test series in this program and is focused on the effect of 
friction during such tests.
The used concrete mix has a nominal water-to-binder ratio of 0.42 and has a 20 kg/m3 dosage of 35 mm long steel fibres 
with end-hooks. All specimens were ready-mixed and cast in-situ (not sprayed). The 28-days compressive strength of the 
concrete was 72 MPa. 
The potential effect of friction is the same for round and square panels, presuming that the support material is the same. 
It is assumed that four perpendicular cracks form and that the cracks are oriented normal to the support. A theoretical 
evaluation reveals that  the effect of friction will be somewhat less for square panels if the cracks are oriented closer to the 
corners.
The energy absorption capacity (EAC) test results show that the average coefficient of variation (COV) was 7.8 % for the 
two individual sets with round panels and, similarly, 11.7 % for the square panels. The average COV for EAC for the two 
different friction conditions were quite similar. The EAC from square and round panels at similar support (friction) condi-
tions corresponded well.
In panel tests with continuous support the friction occurs in two directions; tangential and radial. The tangential- and 
radial movements of the panel relative to the support have been quantified. The results show that the friction conditions 
between the concrete panel and the support fixture has a great impact on the measured energy uptake. For the case 
denoted ''standard'' conditions, which is the normal set-up for panel tests, the results show that 35% of the overall energy 
uptake between zero and 25 mm deflection is due to friction, and the remaining 65% is due to fibre action in the concrete 
panel.
When friction is eliminated in the test, the results show on average, that the maximum load during the test is reduced by 
15 % and the residual load at 25 mm deflection is reduced by 46 %.
By using the energy balance equations the coefficient of friction was deduced from the test results. It is found that the 
coefficient of friction is substantial and that it increases as the test proceeds. This may be associated with a gradual pen-
etration of the sharp concrete crack edges into the wooden support.
Adjustments of the early non-linear behaviour of the load deflection curves have been made in accordance to the proce-
dure in ASTM 1550-05. The adjustments had no significant effect on the calculated energy absorption capacity.
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Summary 
 
The present test program is carried out as a part of the on-going revision of the Norwegian Concrete 
Association’s publication no. 7 (NB 7): “Sprayed concrete for rock support”, which, among others, is 
to be harmonized with the new European standards dealing with energy absorption capacity for fibre 
reinforced sprayed concrete. The new European standards describe square panels (continuous 
support), while the Norwegian tradition has been to test round panels (also continuous support) as 
described in the previous version of NB7. The program that has been undertaken is a comparative 
study of these two methods. The present report gives the results from the fourth test series in this 
program. 
 
The used concrete mix has a nominal water-to-binder ratio of 0.42 and has a 20 kg/m3 dosage of 35 
mm long steel fibres with end-hooks. All specimens were ready-mixed and cast in-situ (not sprayed). 
The 28-days compressive strength of the concrete was 72 MPa.  
 
The investigation involves energy absorption tests on 16 panels, of which 8 were round panels (D=600 
mm, thickness=100 mm) and 8 were square panels (600 mm, thickness=100 mm). Half of the two 
types of panels were tested in the usual way (panel placed directly on a wooden support) whereas for 
the other half special measures were made to eliminate friction between the panel and the support. It is 
assumed that there was no friction in these latter tests, but it is likely that a small component of friction 
was yet present. It is therefore possible that the effect of friction which is proven here is slightly 
underestimated. 
 
The potential effect of friction is the same for round and square panels, presuming that the support 
material is the same. It is assumed that four perpendicular cracks form and that the cracks are oriented 
normal to the support. A theoretical evaluation reveals that  the effect of friction will be somewhat less 
for square panels if the cracks are oriented closer to the corners. 
 
The energy absorption capacity (EAC) test results show that the average coefficient of variation 
(COV) was 7.8 % for the two individual sets of round panels and, similarly, 11.7 % for the square 
panels. The average COV for EAC for the two different friction conditions were quite similar. The 
EAC from square and round panels at similar support (friction) conditions corresponded well. 
 
In panel tests with continuous support the friction occurs in two directions; tangential and radial. The 
tangential- and radial movements of the panel relative to the support have been quantified. 
 
The results show that the friction conditions between the concrete panel and the support fixture has a 
great impact on the measured energy uptake. For the case denoted “standard” conditions, which is the 
normal set-up for panel tests, the results show that 35% of the overall energy uptake between zero and 
25 mm deflection is due to friction, and the remaining 65% is due to fibre action in the concrete panel. 
 
When friction is eliminated in the test, the results show on average, that the maximum load during the 
test is reduced by 15 % and the residual load at 25 mm deflection is reduced by 46 %. 
 
By using the energy balance equations the coefficient of friction was deduced from the test results. It 
is found that the coefficient of friction is substantial and that it increases as the test proceeds. This may 
be associated with a gradual penetration of the sharp concrete crack edges into the wooden support. 
 
Adjustments of the early non-linear behaviour of the load deflection curves have been made in 
accordance to the procedure in ASTM 1550-05. The adjustments had no significant effect on the 
calculated energy absorption capacity. 
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Sammendrag 
 
Forsøksprogrammet er gjennomført som et ledd i det pågående arbeidet med revisjon av Norsk 
Betongforenings publikasjon nr. 7 (NB 7) ”Sprøytebetong til bergsikring”, som bl.a. skal tilpasses de 
nye europeiske reglene for bestemmelse av energiabsorpsjonskapasitet for fiberarmert sprøytebetong. 
De utførte forsøkene er en sammenliknende studie av sirkulære og kvadratiske plateprøver. De nye 
europeiske standardene beskriver kvadratiske plateprøver (kontinuerlig opplegg), mens norsk tradisjon 
har vært sirkulære plateprøver (også kontinuerlig opplegg). Programmet som er igangsatt er en 
sammenliknende studie av disse to metodene. Rapporten presenterer programmets fjerde forsøksserie. 
 
Den anvendte betongen har et nominelt vann-bindemiddel-forhold på 0,42 og er tilsatt 20 kg stålfiber 
(lengde=35 mm og med endekroker) pr m3 betong. Alle prøvestykkene ble blandet på blanderi og støpt 
ut tradisjonelt (ikke sprøytet). Betongens 28-døgnsfasthet var 72 MPa.  
 
Forsøksserien omfatter energiabsorpsjonsforsøk på 16 plater, hvor 8 var runde (D=600 mm, tykkelse 
100 mm) og 8 var kvadratiske (600 mm, tykkelse 100 mm). Halvparten av hver platetype ble så testet 
ved normale/standard forhold (platen legges direkte på opplegget av finer), mens for siste halvpart ble 
det gjort spesielle tiltak for å eliminere friksjonen mellom plate og opplegg. Det antas at det ikke var 
friksjon i disse siste forsøkene, men det er sannsynlig at en liten friksjonskomponent likevel var til 
stede. Det er derfor mulig at friksjonseffekten som er funnet kan være noe underestimert.  
 
Den potensielle effekten av friksjon er den samme for runde og kvadratiske plater, forutsatt at 
opplegget er av samme materiale. Det er forutsatt at det dannes fire rettvinklede flytelinjer og at alle er 
orientert normalt mot opplegget. En teoretisk vurdering viser at for kvadratiske plater vil effekten av 
friksjon bli noe mindre hvis flytelinjene orienterer seg mer mot hjørnene. 
 
Resultatene for energiabsorpsjonskapasitet (EAC) viser at gjennomsnittlig variasjonskoeffisient 
(COV) ble 7.8% for de to individuelle settene med runde plater og tilsvarende 11.7% for de to 
kvadratiske settene. Gjennomsnittlig COV for EAC for de to friksjonsforholdene er omtrent like. EAC 
fra runde og kvadratiske plater med samme friksjonsforhold viser god overensstemmelse. 
 
I plateforsøk med kontinuerlig opplegg opptrer friksjonen i to retninger, tangensiell og radiell. Den 
relative forflytningen av prøveplata over opplegget er kvantifisert for de to retningene. 
 
Resultatene viser at friksjonsforholdene mellom betongplate og opplegg har stor betydning for det 
målte energiopptaket. Resultatene viser at 35% av målt EAC ved standard prøvningsoppsett skyldes 
friksjon mellom prøveplata og opplegget. De resterende 65% av energien opptas pga. fibervirkning i 
betongplata. 
 
Når friksjonen fjernes i forsøket viser resultatene, i gjennomsnitt, at maksimumslasta under forsøket 
reduseres med 15% og at reststyrken ved 25 mm nedbøyning reduseres med 46%. 
 
Friksjonskoeffisienten for glidningen mellom betongplata og opplegg er dedusert ved bruk at 
likningen for energibalanse. Friksjonskoeffisienten er betydelig og den øker gradvis under forsøkets 
gang. Økningen kan skyldes at de skarpe risskantene i betongplata til en viss grad penetrerer 
opplegget. 
 
Justering av det ikke-lineære kraft-deformasjonsforløpet før opprissing er gjennomført i henhold til 
prosedyren som er beskrevet i ASTM-standarden (ASTM 1550-05). Justeringen hadde ingen 
signifikant effekt på beregnet energiabsorpsjonskapasitet. 
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1 Introduction 
 
The present test program is carried out as a part of the on-going revision of the Norwegian Concrete 
Association’s publication no. 7 (NB 7): “Sprayed concrete for rock support”[1] (in Norwegian: 
”Sprøytebetong til bergsikring”), which, among others, is to be harmonized with the new European 
standards dealing with energy absorption capacity for fibre reinforced sprayed concrete. The new 
European standards describe square panels (continuous support), while the Norwegian tradition has 
been to test round panels (also continuous support) as described in the previous version of NB7. The 
program that has been undertaken is a comparative study of these two methods. 
 
During quality control the test panels shall, according to the standards, be sampled with the relevant 
concrete, personnel and spraying equipment (robot) for the given project. Some 10 years ago in 
Norway, it was decided to use round panels (600 mm diameter, 100 mm thick, net weight around 65 
kg). These panels can be produced where the actual spraying work is done and they are experienced to 
be quite easy to sample and subsequently to be removed by two persons to a safer place in the tunnel. 
 
According to the new European regulations (EN 14488 part 1 and part 5, [2][3]) large 1000 mm x 
1000 mm (100 mm thick) panels shall be sprayed (net weight around 230 kg) and the panels shall not 
be removed the first 18 hours. After that, all further handling must be machine-based. Later in the 
laboratory, the panels shall be saw-cut in to a final size of 600 mm x 600 mm (net weight about 83 
kg). By this rigorous procedure we fear that the connection between testing and practical application 
may be lost. It is also a big challenge to trim a 1000 x 1000 mm panel within the given tolerances for 
thickness. 
 
The scope of the project as a whole is to study the practical consequences of the new regulations and 
to carry out comparative tests on energy absorption capacity on round and square panel tests.  
 
Cooperation is established with the contractor Entrepenørservice with regard to building of moulds 
and production of test panels. Members of the Norwegian Concrete Association’s Sprayed Concrete 
Committee also contribute. The tests are performed in the Norwegian Public Roads’ Central 
laboratory.  
 
Up till now (2007-2008) four test series have been carried through, all with field-produced round- and 
square panels. The present report gives the results from Series 4. The results from Series 1-3 are 
reported separately. [7]-[9] 
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2 Friction; background and theory  
 
The scope of the present investigation was to study the effect of friction during energy absorption 
capacity tests on round and square panels with continuous support. The motive for studying the effect 
of friction was some direct observations of friction that was done during the second series in our test 
program (Series 2, reported in [8]). In addition to this, a 15-20% effect of friction has been reported 
for the ASTM-panels [10] (having 3-point determinate support conditions). Any friction forces 
between the concrete panel and the support fixture during testing, independent of type of support, will 
be taken as inner work and erroneously be calculated as energy uptake of the concrete. Hence, during 
a test the work from friction will be taken to be inner work exerted by the panel and, thus, the 
measured energy absorption capacity will be overestimated. 
 
During the previous Series 2 failure of the support ring was observed, see Fig. 2.1. The failure must be 
due to tangential friction. This friction work to hinder the opening of the crack transferring tensile 
stresses to the support and, in this case, causing tensile failure of the support.  
 
Since the central part of the panel is pushed downwards by the central load the only contact zone 
between the support and the panel will then be at the inner side of the support. In the post-cracking 
period all transmission of load will then take place over the sharp crack edge zones and the inner side 
of the support, thus the counterforce from the support will occur as point loads. Consequently, the 
point-loads (the local stress) in these contact zones will be high. This is illustrated in Fig. 2.2. Each 
crack naturally consists of two crack edges, and for four perpendicular cracks in the panel the load at 
each contact-point with the support then will be P/8. For an external load of for instance P=50 kN this 
means that a vertical load of P/8=6.25 kN (~ 640 kg) is transferred over each contact-point.  
 
Load, P
Fiber action
Tangential friction, FT
Tensile failure of the support
 
 
Fig. 2.1 Tensile failure of the support caused by tangential friction. Previous test, Series 2 [8].  
 
P
 
 
Fig. 2.2 Illustration of loading and rotation of the panel causing point-loads at the inner side of the 
support.  
Technology report no. 2534 
 
The friction force (F) is given by the coefficient of friction () and the normal force (P) as follows:  
 
Equation 1  PF   
 
The contribution from friction (WF) in the energy balance will then be the integral of the friction force 
(F) multiplied with the movement of the panel (wF) over the contact zone with the support. In our case 
wF will consist of a tangential, wT, (as shown in Fig. 2.1) and a radial, wR, component. As the panel is 
pushed down and rotated, the crack edges slide tangentially as well as radially because the under-side 
of the panel is pushed outwards. The radial movement is indicated in Fig. 2.3, showing a cross-section 
of half a panel. As shown, it is assumed that the crack opens over the whole height of the panel and 
there is only contact at the top, which should be quite accurate since the compressive zone at the top is 
generally quite small after cracking. For incremental total movement dwF of the panel in the contact 
zone with the support the total energy from friction WF then be expressed as: 
  
Equation 2    FFF PdwFdwW   
 
 
Tangential- and radial movement for one crack is shown in Fig. 2.4. The total picture of potential 
friction forces working on round  and square panels is shown in Fig. 2.5.   
 
The standards describe that the energy absorption capacity (EAC) from a test is to be calculated as the 
external work from the load P (WP) under the assumption that it equals to the inner work by the panel 
(EACstandard = Wp = Wi). However, considering the above discussion the contribution from friction 
energy (WF) should be taken into consideration and from a fundamental standpoint the following 
relation is then the valid one:  
 
 
Equation 3    hence FiP WWW    FFpi PdwPdWWW   
 
 
 
 

L’


w/2
P
Radial friction, FR
Radial movement, wR
Support
h
h-
 
 
Fig. 2.3 Radial movement and friction at the underside of the panel during testing. Cross section of half 
the panel. 
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wT
wR
 
Fig. 2.4 Sliding of the two crack edges, from initial 
cracking (middle green dot), and then in tangential and 
radial direction. The red arrows illustrate the resulting 
movement of the crack edges during the final opening 
of the crack. 
 
 
 
 
 
Inner-side of
the support
 
 
Fig. 2.5 Potential tangential- (black arrows) and radial (white arrows) friction forces in round and square 
panels with continuous support. Assumption: Four perpendicular cracks meeting the support with an 
angle of 90°. 
 
 
Consequently, since EAC from standard set-up (EACstandard) equals WP there will be an error if friction 
is present (i.e. when > 0). When friction is present the correlation between the actual inner work Wi 
of the panel and EACstandard is really: 
 
 
Equation 4  Fdardtansi WEACW    
 
 
The following theoretical evaluation is made to enhance the understanding of the behaviour of the 
panels during testing as well as to enable a calculation of the effect of friction (see Chapter 8). The 
evaluation assumes that four perpendicular cracks occur during the test (in both round and square 
panels, as shown in Fig. 2.5) and that there is no bending of the concrete between the cracks, hence all 
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deformation occurs in the cracks. The pre-cracking period (lasts from zero up to some millimetres 
deflection) is overlooked despite the fact that the present experimental results reveal that friction 
appears to play a significant role also in this period, which is seen as the maximum load being clearly 
affected by friction (see Section 6.7). As the panel is pushed downward, the pre-cracking period will 
be associated with elastic bending and inward radial movement of the panel relative to the support; a 
movement which naturally may be associated with friction. At the point of cracking the elastic 
deformation is released as cracks causing an abrupt outward radial movement, as well as tangential 
movement. The further pre-cracking behaviour is discussed below. The pre-cracking period constitute 
the majority of the deflection range and by far the majority of the energy uptake during the test. 
 
As long as four perpendicular cracks meet the support with an angle of 90° the friction condition is 
similar for round and square panels. For the square panels the situation change a bit if the four cracks 
are oriented more towards the corners. This situation is discussed briefly at the end of this section. 
 
To simplify the evaluation, it is assumed in the following that sin=tan= for small angles. For 
central panel deflections from zero to 25 mm the error of this simplification is not larger than 1-2%. 
Assuming the four perpendicular cracks the rotation () of the panel will be:  
 
Equation 5  'L
tan    
 
 where L’ is the free span from the inner edge of the support to the center (250 mm) and h is 
the thickness of the panel (100 mm), see Fig. 2.3.  
 
The movement of one contact-point of the crack relative to the support in the tangential direction (wT) 
equals to half of the crack opening, w/2, hence: 
 
Equation 6  'T L
hhtanww  
2
  
 
At maximum central displacement (max=25 mm) wT,max then becomes 10 mm. 
 
A simplified geometrical consideration gives the following relation between the outward radial 
movement (wR) and w/2: 
 
Equation 7  
  

 

htanh
tanh
w
wR 1
2 

  hence  w
h
wR 

  1
2
1
 
 
 
The displacement  and crack opening w are interrelated, and during increasing displacement 
(increasing w) the radial movement wR will decrease linearly compared to w. The total radial 
movement wR from =0 to a specified deflection  then can be expressed as: 
 
Equation 8  dw
h
wR 




 

0
1
2
1
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And, when combining with Equation 6 we get:  
 
Equation 9  

  


d
h'L
hwR

0
1    
 
 
After performing the integral wR then becomes: 
 
Equation 10  

 



h'L
hwR
2
2
0

  
 
 
Finally, at each contact-point with the support there will be a relative movement/sliding governed by 
the tangential- and radial component given by Equation 6 and Equation 10, respectively. The two 
components are perpendicular to each other, hence the total resulting movement/sliding (wF) along the 
support from =0 to  then can be found by the use of Pythagoras:  
 
 
Equation 11  
222
22
2 








 


 
h'L
h
'L
h
www RTF


  
 
 
It follows then that for the whole test range ( = 25 mm) that wT is 10 mm and wR is 8.75 mm, and the 
total sliding along the support wF becomes 13.3 mm. The energy from friction during an energy 
absorption capacity test can now be determined numerically by combining Equation 2 and Equation 
11, giving Equation 12.  
 
 
Equation 12  















 


  





222
2
0
0 h'L
h
'L
h
PFF dwPW 
 

  
 
 
In Chapter 8 this equation is applied on the experimental results. As already mentioned, in a square 
panel an orientation of the (four) cracks more towards the corners will theoretically affect the 
movement of the panel relative to the support. As the cracks orientate closer to the corners, the free 
span between the inner side of the support and the center of the panel (L’) will increase and the 
rotation of the panel will therefore be less. Assuming that the cracks go through the corners L’ will be 
maximum, and it will then be 2  times the L’ (=250 mm) discussed earlier. Consequently, wT, wR and 
wF then become 1/ 2  (=0.71) times the values above, hence wF will be 13.3 mm x 0.71 = 9.4 mm. 
This means that for “corner-cracks” in a square panel the effect of friction is theoretically 71 % of that 
when cracks are oriented perpendicular to the support. 
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3 Test program 
 
The investigation is based on one specific basic sprayed concrete composition. All specimens were 
cast, not sprayed, hence accelerator was not used. The following measurements were performed: 
 
 Slump (visually) and air content: Performed at the casting site 
 Fibre content in fresh concrete: Fresh concrete was transported to the laboratory where the 
measurements were performed 
 Compressive strength on two 100 x 100 mm cubes after 7 days and two cubes after 28 days 
  
 Energy absorption capacity of 8 round panels (Ø600 mm, thickness=100 mm) and 8 square 
panels (sides=600 mm, thickness=100 mm) were tested according to the procedures in 
respectively NB 7 (round) and EN 14488-5 (square), with the exception for the square panels 
that the support-frame was made of the similar wooden material as for the round panels, and 
not steel as described in EN 14488-5:   
 
- Half of the round and half of square panels were tested according to standard 
procedure, meaning that the panels were placed directly on the support. This 
set-up is denoted “Standard” (std) conditions 
 
- For the second half of round and square panels it was taken measures to 
eliminate the friction between the specimen and the support fixture. This set-
up is denoted “No friction” (no fr.) conditions 
 
Due to an error in the control and logging system which occurred after the first set of panels, and 
a successive period with repair, the panels were tested at somewhat different concrete ages. This 
is believed not to have affected the findings in the report to a significant degree. The issue is dealt 
with in Section 6.6. The test ages for the panels became: 
 
  Square panels, “standard” conditions:  Concrete age = 40 days 
  Round panels, “standard” conditions:  Concrete age = 60 days 
 
  Square panels, “no friction” conditions: Concrete age = 61 days 
  Round panels, “no friction” conditions:  Concrete age = 61 days 
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4 Concrete mix, casting and curing 
 
4.1 Concrete mix 
 
The mixing of the concrete was done 4th of April 2008 at the ready-mix plant of Unicon in Oslo 
(Sjursøya). The concrete was then transported by concrete lorry about 30 min to a nearby construction 
area (Vinterbro), where all casting took place in a tent. 
 
The nominal recipe of the basic sprayed concrete mix (Table 1) is quite the same as that of the 
previous investigations [7], [8], [9]. The concrete was cast, hence no accelerator was added. The 
nominal (effective) water-to-cement ratio (w/(c+2s)) is 0.42. The nominal fibre dosage is 20 kg/m3. 
The fibre is 35 mm long, 0.54 mm thick and has end-hooks. Concrete mixing log and data sheet for the 
fiber is given in APPENDIX 1 and APPENDIX 2, respectively. 
 
Table 1: Nominal concrete mix 
Material Type/producer Kilo pr. m3 
concrete 
Cement (1) 
Cement (2) 
Norcem Standard FA Cem II/A-V 42.5R 
Norcem Anlegg CEM I 52,5N 
226 
225 
Silica fume(k=2) Elkem microsilica 22 
Sand, 0-8 mm Svelviksand 1572 
Steel fibre Dramix 65/35 / Bekaert 20   
Superplasticizer  Glenium Sky 552 / BASF 4,1 
Retarder Delvocrete stabilisator / BASF 1,49 
Air entraining 
Pump enhancer 
Micro air (1:19) / BASF 
TCC 735 N 
0,94 
 
Free water   208 
Nominal density  2275 
 
 
4.2 Casting and curing of panels 
 
16 panels were cast in total; 8 round and 8 square panels. Both types of panels have a nominal 
thickness of 100 mm. The moulds for the round panels were made of steel all through (Ø600 mm inner 
diameter) whereas the moulds for the square panels were made of 22 mm plywood (100 mm high and 
with 600 x 600 mm inner dimensions) nailed down to a pallet, hence all panels were cast into their 
final size.  
 
Square and round panels were cast every second time and numbered successively: 
The square panels were numbered 1, 3, 5, 7, 9, 11, 13 and 15  
The round panels were numbered 2, 4, 6, 8, 10, 12, 14, 16 
 
After casting the panels were covered with plastic foil. De-moulding took place 4 days after casting. 
All specimens were then transported to the Central laboratory of the Norwegian Public Roads 
Administration (NPRA) where they were stored in water until the day of testing.  
 
Technology report no. 2534 
 
5 Test methods and -procedures 
 
5.1 Air content 
 
Air content was measured in fresh concrete, standard method. [4]  
 
5.2 Fibre content 
 
Two samples, each consisting of 1 litre concrete, were tested. The weight of the sample was measured. 
The concrete from the sample was then washed, in portions, over a 1 mm sieve and the fibres were 
taken out by an electron magnet and washed completely clean afterwards. When the fibres were 
completely dry, after a period with air drying (a couple of hours), the total weight of fibres in each 
sample were determined and the ratio fibre content (gram) to concrete volume (1 litre) was found. The 
procedure is in accordance with EN 14488-7:2006 [5]. 
 
5.3 Compressive strength 
 
100 x 100 mm cubes were tested according to standard procedure (load rate = 0.8 ± 0.2 MPa/sec). [4] 
 
5.4 Energy absorption capacity 
 
5.4.1 Test rig 
The set-up for the round and square panels is shown in Fig. 5.1. Note that the support fixtures for both 
panel types were the same (plywood of birch). The plywood support is 40 mm high and 50 mm wide 
and has an inner diameter/length (round/square) of 500 mm. According to EN 14488-5 the square 
panels shall be put on a support fixture of steel with bedding material in between (mortar or plaster), 
whereas NB 7 describes plywood without bedding material. However, in order to ensure a direct 
comparison of both the friction effect and the panel type identical support conditions was chosen, i.e. 
support of plywood and no bedding material. 
 
The central displacement of the panels was measured by two transducers as shown in Fig. 5.2. The 
transducers are spring-loaded, and they are of the type "ACT1000A LVDT Displacement Transducer” 
from RDP Group. The measuring range is 50 mm. 
 
A steel plate was put between the central oriented load cell and the specimens, a Ø100 mm cylindrical 
plate for the round panels (+ a thin sheet of cardboard) and a 100 x 100 mm square plate (+ a thin 
sheet of cardboard) for the square panels.  
 
The test machine (FORM+TEST Delta 5-200 with control system Prüfsysteme Digimaxx C-20) has a 
maximum load of 200 kN.  The deformation rate during the test is controlled by the average signal 
from the two displacement transducers. Prior to the test, the load-cell is stabilized at a load of 1 kN.  
With this initial load the test is started.  
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Fig. 5.1 Set-up for energy absorption tests on round (left) and square (right) panels. For both types the 
support fixture was made of plywood of birch. 
 
 
 
Fig. 5.2 Measurement of central displacement at the bottom side of the panel by the use of two spring 
loaded displacement transducers (LVDT) with discs on top which can rotate along with the rotation of the 
panel, as well as bridging over the cracks. 
 
5.4.2 Test procedure 
Prior to testing, each panel was taken out of the water bath and transported to the test rig. The test 
started within 45 minutes. 
 
The procedure was then as follows: 
 
1) The mid-point was marked on the smooth moulded face of the panel. 
2) The panel (both square and round) was then placed in the test rig with the smooth moulded 
face against the support fixture, and centered. For the panels tested under “standard” 
conditions there was direct contact between the concrete specimen and the support, while for 
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the panels tested under “no friction” conditions two layers of plastic sheets with grease in 
between was placed between specimen and the support, see next section. 
3) Two displacement transducers were placed under the center of the panels. The average of the 
two transducers forms the signal for load control. 
4) On the upper side of the panel (the cast side) a load plate was placed at the center (+ a thin 
sheet of cardboard). 
5) The load cell is prepared for testing by lowering it to the load plate until a load of 1 kN is 
applied to the panel. 
6) The test is then started and load and deflection signals are logged continuously by a computer. 
According to NB 7 the load was applied deformation-controlled at a rate of 1.5 mm/min 
central deflection for the Round panels, and according to EN 14488-5 at a rate of 1.0 mm/min 
central deflection for the Square panels. (based on other results [6] it is no reason to believe 
that this (small) difference in load-rate has any influence on the result) 
7) The test was stopped automatically when the central deflection was 30 mm. 
8) The panel was then lifted out of the test rig, the bottom side of the panel was photographed. It 
was then completely broken into pieces along the cracks and over each cracked surface 3-4 
thickness measurements were made. The thickness was measured with a digital sliding 
calliper. 
9) The energy absorption capacity was then calculated as described in the standards (Chapter 6), 
hence as the area under the load-deflection curve from zero to 25 mm deflection. The results 
are corrected for thickness when deviating from 100 mm, see Section 5.4.4.  
10) In addition the energy absorption capacity was also calculated after correcting the load-
deflection curves for the non-linear behaviour during the early loading phase (Chapter 7). 
 
5.4.3 “Standard”- and “no friction” conditions 
Half of the concrete panels (4 square and 4 round) were tested under standard conditions. This means 
that the panels were placed directly on the wooden support frame, see Fig. 5.3. 
 
For the second half of the concrete panels measures were taken to eliminate friction (no friction 
conditions). The actions to obtain little/no friction were the following: two layers of 1.5 mm thick 
strips of plastic sheet with grease in between were put on top of the support frame, see Fig. 5.4 and 
Fig. 5.5. The strips were about 10 mm wider than the width of the support frame (which is 50 mm 
wide). The plastic sheets were considered strong and robust, and able to avoid penetration of the sharp 
edges of the cracks into the support. They also limit stress concentrations under each crack. About ¾ 
of the width of the upper plastic strip was cut (from inside and outwards) to eliminate the overall axial 
elasticity of the plastic layer. 
 
After placing the panels on the support frame with the two layers of plastic sheets (and grease in 
between) it was observed that the friction (in uncracked state) was very low. The heavy panels could 
be moved quite easily by pushing them sideways with one finger. Product data sheets for the plastic 
layers are given in APPENDIX 3. 
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Fig. 5.3 Support frame, “standard” conditions 
 
 
Fig. 5.4 Preparing the support frame for “no friction” conditions. Two layers of plastic sheet with grease 
in between were put on top of the frame. The upper sheet was cut about ¾ of the width from the inside 
and outwards.  
 
 
 
Fig. 5.5 Preparing the support frame for “no friction” conditions. The plastic sheet layers (with grease in 
between) were put on top of the support frames to completely cover the whole top area plus about 10 mm 
extra at the inner side of the support.   
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5.4.4 Evaluation of results / correcting for deviating thickness 
The energy absorption capacity of the panel shall according to the standards be calculated as the 
energy uptake between 0 and 25 mm central deflection during a fixed deflection rate. The panel 
thickness influences the ability to take up energy, where increased panel thickness will increase the 
energy uptake, and vice versa. Consequently, the calculation of energy absorption capacity should be 
corrected for this when the thickness is deviating from the reference thickness. A theoretical 
evaluation of the effect of panel thickness was done in [11]. Target panel thickness is in our case h0 = 
100 mm. The following analysing procedure was proposed for panels with thickness h deviating from 
h0: 
1. Accumulated energy should be calculated under the load-displacement curve between 0 and a 
modified displacement m = 25 mm . k, and k = 100/h 
2. Calculated EAC should then be multiplied with the factor k. 
3. The final corrected EAC is then the result from the test.  
 
The procedure assumes that four cracks develop and that the moment intensity in the crack is given by 
the crack angle. The total moment capacity is then linearly related to the thickness of the panel and the 
crack opening. It is likely that the correcting procedure will be valid within reasonable variations in 
panel thickness and that it will certainly contribute to achieving more comparable results.  
 
What the procedure does is really to normalize the cross section of the yield lines, in horizontal 
direction by point (1) and in vertical direction by point (2). The following formula is then used to 
calculate the corrected energy absorption capacity (EAC) in each test: 
 
Equation 13   


 

  m
i
i
ii
ii
PPkEAC
0
1
1 2
 
 
where k and m are explained above.  is the central displacement, P is the central load and the 
parameter i is the increment number. 
 
All presented results are corrected according to the above procedure. In the present investigation the 
panels had thicknesses ranging from 101 mm to almost 107 mm. For the 101 mm panel (“R6”) the 
correction for thickness reduces the energy absorption capacity by 1.5 % compared to the uncorrected 
(measured) capacity. Similarly, for the almost 107 mm thick panel (“R12”) the correction was 10%. 
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6 Results and discussion  
 
6.1 Slump and air content 
 
Slump was not measured, but was visually considered to be around 200 mm. The air content was 
measured once, showing 3.0 % air.  
 
 
6.2 Density and fibre content 
 
The measurements on the two fresh concrete samples gave a density of 2282 and 2274 kg/m3 
(average=2278 kg/m3) and a fibre content of 21.8 and 19.7 kg fibre/m3 concrete (average=20.8 kg 
fibre/m3 concrete), hence the measured density and fibre content corresponds well with the nominal 
values. 
 
 
6.3  Compressive strength 
 
The four 100x100 mm cubes were tested at 7 and 28 days concrete age. The results are given below.  
 
Table 2 Compressive cube strength (MPa) after 7 and 28 days concrete age 
 7 days 28 days 
Cube 1 49.8 69.4 
Cube 2 51.2 73.8 
Average 50.5 71.6 
 
 
6.4 Crack pattern 
 
After end of testing, the panels were taken out of the test frame and the bottom side of the panels were 
then photographed. The pictures are shown in the following two figures. The panels that were tested at 
“standard” conditions developed 4-5 cracks, while those tested at “no friction” conditions developed 4 
cracks. 
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Fig. 6.1 Crack pattern, “standard” conditions 
 
 
 
Fig. 6.2 Crack pattern, “no friction” conditions. Square panel no. 3 (“S3”) was not photographed. 
 
6.5 Panel thickness 
 
Measured average panel thicknesses (and standard deviation) are given the previous section. All single 
measurements are given in APPENDIX 4. The average panel thickness was within the range 101 to 
105 mm except for panel “12” being 106.6 mm. The panel thickness is corrected for when calculating 
the energy absorption capacity according to the procedure described in Section 5.4.4. 
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Table 3 Average panel thickness and standard deviation 
Panel no. 15 9 7 11 6 8 12 10
Average thickness 101.5 102.1 103.5 102.3 101.0 104.2 106.6 102.5
Std.deviation 0.4 1.4 1.2 1.2 1.4 2.4 2.0 1.4
Panel no. 3 1 13 5 16 2 4 14
Average thickness 102.4 102.9 102.4 103.0 101.3 102.7 101.0 103.0
Std.deviation 0.7 0.6 0.6 0.8 0.5 1.2 1.0 0.4
Square Round
Standard conditions
Square Round
No friction conditions
 
 
 
6.6 Energy absorption capacity (EAC);  normal analyzing procedure 
 
6.6.1 Variability  
The coefficient of variation (COV) among the four sets of panels is shown in Fig. 6.3. Each set consist 
of four panels. The average COV for all individual sets is 9.7 %. 
 
For the two individual sets of square panels (S) the average COV is 11.7%, and for the two sets of 
round panels (R) 7.8%. For the two individual sets tested at “standard” conditions (“S(std)” and 
“R(std)”) the average COV is 10.1%, and for the two sets tested at “no friction” conditions (“S(no fr.)” 
and “R(no fr.)”) the average COV is 9.4%.  
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Fig. 6.3 Single results and variability (COV) in each set of panels. (S=square panels, R=Round panels, 
std=standard conditions, no fr.=no friction conditions) 
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6.6.2 Effect of friction 
The average result for each of the four sets is shown in Fig. 6.4 whereas measured load-displacement 
for each single test is shown in Fig. 6.5 and Fig. 6.6. It is quite clear that the elimination/reduction of 
friction had a great impact on the results:  
 
 
Average energy absorption capacity for all panels with “standard” conditions is 1155 J. 
Average energy absorption capacity for all panels with “no friction” conditions is 745 J. 
On average the relation “no friction”/“standard” conditions is then 745/1155 = 0.65 
 
 
As mentioned earlier in Chapter 3 the age at testing differed among the panels due to some error in the 
logging system. The Square panels tested at “standard” conditions are the deviating ones with 40 days 
testing age whereas the rest of the panels were 60 and 61 days old when tested. The development of 
energy absorption capacity from 40 to 60 days is not known, but according to the literature, for 
instance [14], it could be either a slight increase or a slight decrease, or no change at all. Consequently, 
it is reason to believe that the given test ages have not influenced any of the main findings and 
conclusions in the report.  
 
The energy absorption capacity (EAC) results above then reveal that for panels with standard support 
conditions (EACstandard) only 65% of the measured energy is due to fibre action, whereas 35% energy 
comes from friction, hence: 
 
Equation 14     and standardi EAC.W  650 dardtansF EAC.W  350  
 
 where Wi is inner work from the panel (fibre action) and WF is external work from friction. 
 
The 35 % effect of friction found here is then clearly higher than the 15-20 % effect that is found for 
the ASTM-panels with 3-point support [10]. The ASTM set-up is associated with radial friction, 
whereas the present tests (continuous support) are associated with both tangential- and radial friction, 
as well as point-loads at the contact zones with the support, which supposedly can cause a penetration 
of the crack edge into the support. 
 
Note that the early load-displacements curves for the “no friction” panels clearly show a non-linear 
behaviour, see close-up in Fig. 6.7. A significant part of this non-linearity is probably due to squeezing 
of the two layers of plastic sheets during loading. The panels tested at “standard” conditions have no 
plastic sheets installed, but still there is some tendency of early non-linearity, which has also been seen 
during all previous testing. Correcting for the non-linearity (for all panels) has however no significant 
effect on the results, this is discussed in Chapter 7. 
 
Rapid drops in the load during testing are likely to indicate that cracks are formed, but from the load-
deflection records (see for instance Fig. 6.7) it is notable that there are drops in the load up to 
deflection levels beyond what would be expected from crack formation. This is most pronounced for 
the “standard” condition tests. For these tests there is also a clear tendency of strain-hardening 
behaviour, which is quite surprising for the given low steel fibre content of 20 kg. One possible 
explanation to this behaviour could be that the friction changes between kinetic friction (associated 
with a high coefficient of friction, i.e. it periodically obstructs the opening of the cracks), and 
dynamic/sliding friction (having a lower coefficient of friction). If this is the case the friction could in 
principle produce local load-maximum where dynamic friction suddenly occurs after a period with 
kinetic friction. The issue is also further discussed in Section 6.7. 
 
The tendency of strain-hardening behaviour is also seen in the previous tests on concretes with similar 
low fibre content, and with “standard” test conditions.  
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According to the present results, as expressed in Equation 14, the consequence of the findings is that if 
a fibre reinforced concrete panel is to have an energy absorption capacity of for example 700 J purely 
due to fibre action, the measured energy from a test with standard conditions should then be minimum 
700 J/0.65 = 1077 J. 
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Fig. 6.4 Average energy absorption capacity in each set, corrected for panel thickness. (S=square panels, 
R=Round panels, std=standard conditions, no fr.=no friction conditions) 
 
 
 
Fig. 6.5 Measured load-deflection curves for all square panels. 
 
 
0
10
20
30
40
50
60
70
80
90
0 4 8 12 16 20 24 2
Deformasjon (mm)
La
st
 (k
N
)
8
Standard
Grease
Kvadratiske platerSquare panels
No friction
Displace ent
Lo
ad
(k
N
)
Technology report no. 2534 
 
 Directorate of Public Roads 23 
 
 
Fig. 6.6 Measured load-deflection curves for all round panels. 
 
 
 
 
Fig. 6.7 Early load-deflection development for all square panels. 
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ig. 6.8 Example, “no friction” conditions: Lifting of panel edge, opening of a crack and sliding (in the 
 
6.6.3 Effect of panel geometry  
ergy absorption capacity from the square and the round panel 
or “standard” conditions the average results became: 
 = 1.00 
or “no friction” conditions the average results became: 
 = 1.05 
F
grease layer) along the inner edge (not visible) of the support. Sliding takes place between the cut upper
plastic sheet layer (blue) and the plastic layer below (grey). 
 
 
For similar friction conditions the en
tests obtained quite similar average results:  
 
 
F
Square panels = 1158 J and Round panels = 1153 J 
Hence, relation Square/Round panels = 1158/1153
 
F
Square panels = 765 J and Round panels = 726 J 
Hence, relation Square/Round panels = 765/726
 
 
 
6.7 Effect of friction on maximum load and residual strength 
aximum load during the test and the residual strength (load) at 25 mm (corrected) central deflection 
 is clear that highest maximum loads and residual strengths (open dots in the figures) are associated 
Remember that all tests are on panels that are made with the same concrete mix.  
 
M
versus energy absorption capacity are show in Fig. 6.9 (single results) and Fig. 6.10 (average results). 
The trend is that higher values for the two parameters means increasing energy absorption capacity, 
which is not very surprising considering that the energy uptake is calculated as the area below the 
load-deflection curve, and high loads means more energy.  
 
It
with “standard” condition tests. This means that the friction not only work to resist the opening of the 
cracks in the post-cracking phase, but it also appears that the restraining effect by friction to radial 
sliding at the support increases flexural strength of the concrete panel in the pre-cracking phase. 
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Fig. 6.9 Single results: Maximum load and residual strength (at 25 mm central deflection) versus energy 
absorption capacity. Filled black dots are for panels with “no friction” conditions, while open dots are for 
panels with “standard” conditions. 
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Fig. 6.10 Average results for each set: Maximum load and residual strength (at 25 mm central deflection) 
versus energy absorption capacity. Filled black dots are for panels with “no friction” co itions, while 
no friction” conditions is 85 % compared to the 
anels with “standard” conditions. An interesting feature here is also that the deflection level at the 
 
ests 
nd
open dots are for panels with “standard” conditions. 
 
On average the maximum load for the panels with “
p
point of maximum load is much lower for the “no friction” conditions. On average the measured 
deflection at maximum load is 1.7 mm in the “no friction” tests, while it is 3.7 mm in the “standard”
tests. The low 1.7 mm deflection for “no friction” conditions occurs despite of the fact that these t
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have more pronounced non-linear behaviour in the very early loading branch, probably due to 
compression of the plastic sheet layers, which in itself contributes to extra (and erroneous) 
displacement. Note that the early non-linear behaviour does not influence the overall energy 
absorption capacity from the tests, see Chapter 7. 
 
For the residual strength at 25 mm deflection the effect of friction appears to be substantial. On 
verage, the results show that the residual strength for the “no friction” tests is only 54 % compared to 
the (100-85=) 15% friction effect on maximum load and the (100-54=) 46% 
iction effect on residual strength is 31%. This is not far from the overall 35% friction effect that is 
ong all the “no friction” tests and 10.3 
 among all the “standard” tests. For residual strength the COV is around 13 % for both test 
a
the “standard” tests.  
 
The average between 
fr
proven for the normal (“standard”) energy absorption capacity tests. This correspondence is not 
surprising since the load is quite linear between maximum load and the residual load at 25 mm 
displacement, and the energy is calculated as the area below. 
 
Coefficient of variation (COV) for maximum load is 6.3 % am
%
conditions. 
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7 Average results and adjustment for early non-linear 
behaviour 
 
7.1 General 
 
In this chapter the average results are evaluated in order to study the effect of friction over the whole 
deflection span between zero and 25 mm, and not only for the overall effect after 25 mm deflection as 
discussed in the previous chapter. To enable this all load-deflection records are “normalized” with 
regard to panel thickness. Within each set (four panels) this enables a summarizing and averaging of 
the results over the deflection span. The normalizing procedure is described in the following Section 
7.2 and the average results are presented thereafter (Section 0). 
 
The averaged results are then adjusted for the early non-linear behaviour (Section 7.4). The non-linear 
behaviour is likely to be attributed to early testing disturbances since it is expected that concrete in the 
pre-cracking stage should behave elastic (linear). For the “no friction” condition the non-linearity is 
particularly clear, probably due to squeezing of the plastic sheets during early loading. In the ASTM-
panels with 3-points support [13] the early non-linearity can apparently be attributed to some crushing 
of the concrete by the point-loads at the support, but such crushing was not observed in the present 
tests. Finally, the effect of the adjustments on calculated energy absorption is discussed, as well as the 
effect of friction over the whole 0-25 mm deflection span. 
 
7.2 Normalizing the load-deflection record 
 
The following discussion applies the assumptions in Section 5.4.4 for correction of results in terms of 
panel thickness. Assuming a load-displacement behaviour within the deflection increment i to i+1 
for a panel with thickness > 100 mm as shown in Fig. 7.1. The energy (Ei) between i and i+1) is then 
defined by the load-displacement curve and the broken lines, hence: 
 
Equation 15  
2
1
1


 iiiii PP)(E  
 
The grey trapezium is then a “normalized” area with regard to panel thickness since the panel would 
have obtained this behaviour theoretically if it had been 100 mm thick. The energy Eik in the grey 
trapezium is then given as: 
 
Equation 16  
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
   
 
Remember that k=100/h and h is the panel thickness. Hence, Eik according to Equation 16 up to a 
displacement of i/k equals to Ei according to Equation 15 up to a displacement i. Similarly, if this 
was the last displacement increment during the test for a panel with thickness>100 mm then 
i=25mm.k, and i/k=(25mm . k)/k=25mm. Consequently, different load-deflection curves can then be 
compared at each given (normalized) deflection level. The equations are also valid for panels with 
thickness<100 mm. The accumulated energy (EAC) from zero deflection and further on up to a given 
deflection  then becomes: 
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Equation 17  
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Using this equation different EAC-curves, from panels with different thickness, can be summarized 
and averaged at all deflection levels. 
 
 
 
 
i i+1 i+1/k
Pi
Load
Displacement
Pi .k
Pi+1
Pi+1 .k
Measured load-displacement (h>100 mm)
i/k
Normalized load-displacement
 
Fig. 7.1 Measured load-displacement in a displacement interval (dotted area) and equivalent/normalized 
area expressed by the grey trapezium.  
 
 
7.3 Average results 
 
After normalizing the load-deflection records in terms of panel thickness according to the previous 
section the results are directly comparable, Fig. 7.2 shows normalized single- and averaged load-
deflection curves. 
 
The average results for all four data sets are plotted together in Fig. 7.3, whereas Fig. 7.4 gives the 
corresponding average accumulated energy (EAC). It can be seen that the very early EAC-
development for “no friction” conditions has a slow start which is due to the pronounced early non-
linear behaviour in these tests (squeezing of the two layers of plastic sheets). The early difference 
between “standard” and “no friction” (no fr.) conditions in Fig. 7.4 is eliminated when the curves are 
adjusted for the non-linearity. This is shown in the following section. 
 
 
Technology report no. 2534 
 
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30
Deflection (mm)
Lo
ad
 (k
N
)
Round panels
- standard conditions
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30
Deflection (mm)
Lo
ad
 (k
N
)
Square panels
- standard conditions
 
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30
Deflection (mm)
Lo
ad
 (k
N
)
Round panels
- no friction conditions
 
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30
Deflection (mm)
Fo
rc
e 
(k
N
)
Square panels
- no friction conditions
 
Fig. 7.2 Normalized single load-deflection curves (thin, grey curves) and average curves (thick, black 
curves) for the four sets. One figure for each test series. 
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Fig. 7.3 Average load-deflection curves for the four sets. 
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Fig. 7.4 Average energy uptake for the four sets. 
 
 
7.4 Adjusting the load-deflection curve and effect of friction over time 
 
To adjust for the early non-linear behaviour we need to study this phase closely, see Fig. 7.5. The non-
linearity is particularly clear for the “no friction” (no fr.) condition. Pre-cracked concrete is expected 
to show elastic/linear behaviour; hence from a fundamental standpoint the non-linearity is due to 
measuring disturbances and should be adjusted for before energy-assessments. A procedure to adjust 
for this is described in the ASTM-standard for round panels with 3-points support [13].  
 
According to the ASTM-description, the following is done here: The upper linear ascending part of the 
load-deflection curve is extrapolated back to zero load. The intersection with the deflection-axis gives 
the offset value. It can be seen from Fig. 7.5 that the offset for “standard” conditions is 0.25 mm and 
for “no friction” conditions it is 0.8 mm. For simplicity, each couple with similar test conditions is 
given the same offset. The extrapolation (the broken lines) is then set to be the adjusted result in this 
early phase. The whole load-deflection curve is then shifted to zero deflection (shifted to the left) 
according to the offset-value, hence some early energy (area) from the original curves will be 
eliminated due to the procedure. For the two “no friction”-curves the eliminated early energy is 
indicated by the dotted lines, which for the given case constitutes 7 Joule. 
 
The final adjusted load-deflection curves are shown in Fig. 7.6 and the corresponding accumulated 
energy in Fig. 7.8. The latter figure shows that the very early difference in energy for the two test 
conditions is not there anymore. However, the overall energy uptake (from zero to 25 mm deflection) 
was only to a minor degree affected by the adjustment procedure (compared to the unadjusted results, 
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Section 6.6). There was actually a small increase of the total energy up to 25 mm deflection when 
adjusting for the early non-linear behaviour despite the fact that early energy is eliminated by the 
procedure (7 Joules was eliminated for the “no friction” condition). The reason for this is simply that 
the energy that is gained beyond 25 mm deflection more than compensates for the early energy 
elimination. For example, when shifting the “no friction” curves by an offset of 0.8 mm the part of the 
curve between 25 mm and 25.8 mm in the original data set is then included in the adjusted energy 
calculation (gives an addition of around 12 Joules). Similarly, for the “standard”-curves the part of the 
curve from 25 mm to 25.2 mm (offset was 0.2 mm) is included. The net result is that the adjustment 
procedure generates an increase of 0.6-0.7 % in the total energy for the “no friction” condition and 
0.3-0.4 % for the “standard” condition. In other words, among the given results the total energy from 
zero to 25 mm deflection was by no means significantly affected by compensating for the early non-
linear behaviour. 
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Fig. 7.5 Average curves for the four sets. Extrapolation (see broken line) of the linear part of the pre-
cracking branch of the load-deflection curve. Offset for “standard” condition = 0.25mm and for no 
friction conditions “(no fr.)” = 0.8mm. 
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Fig. 7.6 Average load-deflection curves after moving the curves to zero start-point according to the offset 
values. Early period (left) and the whole period (right). 
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Fig. 7.7 Average energy absorption capacity curves for the four sets after adjusting for the early non-
linear behaviour.  
 
 
Nevertheless, the data sets have now normalized deflection-axes and we assume that the disturbances 
by the early non-linear feature have been eliminated. The overall friction effect over the whole 
deflection span can now be evaluated: The ratio between the energy uptake for “no friction”- and 
“standard” condition versus central deflection () is shown in Fig. 7.8. The two energy curves from 
each test condition have been averaged in the calculation. The effect of friction and fibre action is 
indicated in the figure.  
 
A constant ratio of 1.0 would indicate that there was no friction effect, but this is indeed not the case. 
It is clear that the effect of friction increases with increasing deflection and that the overall friction 
effect at 25 mm deflection is 35 %, which is the same as discussed earlier in Section 6.6.2. The 
implication is that the coefficient of friction increases during the test.  
 
Increased deflection means larger and more rotated crack openings which maybe gradually lead to 
more distinct point-contact between the panel and the support. The result might be that the crack edges 
gradually penetrate the wooden support ring in the “standard” set-up. If this is the case it is likely that 
the coefficient of friction increases. 
 
At low deflection levels (in the pre-cracking phase) the ratio shows an irregular behaviour. This is 
partly due to the sensitivity of dividing small numbers by each other and probably also due to the early 
(manual) adjustments of the load-deflection curves. The different crack propagation behaviour for the 
two support conditions will also contribute. As more energy is accumulated the curve in Fig. 7.8. 
becomes more “robust”. 
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Fig. 7.8 Relation between the average energy absorption capacity (EAC) for the two sets of “no friction” 
conditions and the two sets of “standard” conditions.  
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8 Calculation of friction energy and coefficient of 
friction 
 
Based on the average results from the previous chapter the coefficient of friction () is calculated here. 
The calculation assumes that there was no friction in the tests denoted “no friction” test, and that the 
results then represent the inner work (Wi) of the panels. The energy from the “standard” condition tests 
(EACstandard) is calculated as the work from the external load P (i.e. WP).  
 
When using Equation 2 and Equation 12 from Chapter 2 the friction work (WF) and can be calculated 
as: 
 
Equation 18  
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   and 
 
 
Equation 19  Fstandardfriction_no WEACEAC    
 
 
The only unknown in Equation 19 is , hence  can be deduced from the test results by using the 
iteration and the least square root principle. In the first iteration the coefficient of friction () was set 
to be a constant value. Best fit between measured- (EACno_friction) and calculated inner work (EACstandard 
- WF) was obtained for = 0.58, see Fig.8.1. It can be seen that the correspondence with the 
measurement is quite good with this constant . For friction between wood and steel (clean and dry 
surfaces) the value  = 0.62 for static friction is given in [15] (no kinetic coefficient is given); this is 
very close to the constant value found here. The interaction between static and kinetic friction during 
the panel tests is unclear, but the drops in load at rather high deflection levels may indicate that the 
friction alternate between the two types of friction. 
 
As already discussed the results indicate directly that the friction effect increase with the deflection 
level. In the second iteration  was therefore expressed by the following linear model: 
 
 
 Equation 20    ba    
 
 where a and b are fitting parameters and   is the central deflection. 
 
Best fit was obtained for a=0.031 and b=0.33. It can be seen, see Fig. 8.2, that the correspondence 
improved in terms of agreement to the measured curve, confirming that  increase with the deflection  
– and it appears to be very high towards the end of the test! The accuracy of the test method 
(COV≈10%) and the limited amount of tests, however, demands for caution with regard to drawing to 
distinct conclusions on the absolute level(s) of . 
 
The friction condition in the pre-cracking period at low displacement is somewhat uncertain, as 
discussed in the previous section, and it differs from that of the post-cracking period for which the 
calculations are most relevant. Thus, the calculation of  from zero up to some mm deflection is 
uncertain; this period is indicated with grey area in the figure.  
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 Fig. 8.1 Best fit between calculated- and measured inner energy from the “no friction” tests. The 
calculation is based on a constant coefficient of friction (COF). 
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Fig. 8.2 Left: Best fit between calculated- and measured inner energy from the “no friction” tests. The 
calculation is based on a linear model for the coefficient of friction (COF). Right: The development of 
COF that gave the best fit (a=0.031 and b=0.33). Grey area indicates the pre-cracking period. 
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9 Conclusions and final remarks 
 
 
The potential effect of friction is the same for round and square panels, presuming that the support 
material is the same. It is assumed that four perpendicular cracks form and that the cracks are oriented 
normal to the support. The theoretical evaluation shows that the effect of friction will be somewhat 
less for square panels if the cracks are oriented closer to the corners. 
 
The energy absorption capacity (EAC) test results show that the average coefficient of variation 
(COV) was 7.8 % for the two individual sets of round panels and, similarly, 11.7 % for the square 
panels. The average COV for EAC for the two different friction conditions were quite similar.  
 
The EAC from square and round panels with similar support (friction) conditions corresponded well. 
 
In panel tests with continuous support the friction occurs in two directions; tangential and radial. The 
tangential- and radial movements of the panel relative to the support have been quantified. 
 
The results show that the friction conditions between the concrete panel and the support fixture has a 
great impact on the measured energy uptake. For the case denoted “standard” conditions, which is the 
normal set-up for panel tests, the results show that 35% of the overall energy uptake between zero and 
25 mm deflection is due to friction, and the remaining 65% is due to fibre action in the concrete panel. 
 
When friction is eliminated in the test, the results show, on average, that the maximum load during the 
test is reduced by 15 % and the residual load at 25 mm deflection is reduced by 46 %. 
 
By using the energy balance equations the coefficient of friction was deduced from the test results. It 
is found that the coefficient of friction is substantial and that it increases as the test proceeds. This may 
be associated with a gradual penetration of the sharp concrete crack edges into the wooden support. 
 
Adjustments of the early non-linear behaviour of the load deflection curves have been made in 
accordance to the procedure in ASTM 1550-05. The adjustments had no significant effect on the 
calculated energy absorption capacity. 
 
The effect of friction in panel tests with steel support is not investigated here, and, to our knowledge, 
not investigated elsewhere either. Coefficient of friction values in the literature ([10], [15]-[17]) 
indicate that there is no reason to believe that the effect of friction with steel support should be any 
less than shown in this report for wooden support. Using a bedding material on top of the support 
fixture (as described in EN 14488-5 for steel support) probably also has an effect, but to which extent 
is uncertain. 
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APPENDIX 1  Mixing log from the plant 
 
 
 
 
 Directorate of Public Roads 39 
 
Technology report no. 2534 
 
APPENDIX 2  Fibre, product data sheet  
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APPENDIX 3   Plastic layers, product data sheets,  
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APPENDIX 4  Measurements of panel thickness  
 
All values in mm. 
 
Panel no. 15 9 7 11 6 8 12 10
101.8 100.7 104.8 102.1 101.6 100.3 103.1 105.9
101.5 101.8 105.5 104.1 103.4 102.1 105.5 102.3
101.9 101.0 102.0 104.0 101.0 104.9 105.9 101.8
100.8 102.8 103.4 103.0 99.9 109.0 109.0 101.4
101.1 99.2 102.9 102.3 97.9 101.1 104.2 102.8
100.8 102.0 104.3 101.7 100.9 103.3 106.6 105.9
101.4 102.9 105.1 102.7 101.9 104.1 107.5 102.1
101.2 102.6 103.8 102.9 102.0 102.8 106.5 102.4
101.9 102.2 103.6 103.7 101.7 110.0 107.7 101.7
101.2 102.1 104.0 102.6 102.2 104.8 107.9 101.1
101.9 102.4 103.9 102.1 101.9 102.5 108.1 102.7
101.9 103.5 103.6 103.2 102.7 104.9 110.7 101.5
103.2 102.9 101.9 100.6 104.3 105.0 100.9
104.1 103.4 100.9 99.6 104.3 109.2 102.7
101.7 104.0 100.7 99.1 105.1 105.7 102.3
103.6 102.6 99.4 99.3 104.2 103.7 102.4
99.7 104.5
101.0 100.0
104.4 101.8
100.8 103.3
Average 101.5 102.1 103.5 102.3 101.0 104.2 106.6 102.5
Std.deviation 0.4 1.4 1.2 1.2 1.4 2.4 2.0 1.4
Panel no. 3 1 13 5 16 2 4 14
102.7 102.5 102.1 103.2 101.3 101.2 101.6 103.4
102.6 103.4 102.8 103.3 101.7 102.9 102.4 103.2
101.7 102.4 102.1 102.6 101.4 104.7 102.6 101.9
100.9 103.6 103.0 103.8 101.4 101.6 102.4 102.5
102.9 102.4 101.3 102.6 100.8 104.1 100.6 103.0
102.7 103.6 102.0 103.9 99.7 103.9 100.1 102.7
102.8 101.6 102.4 102.3 101.3 104.5 99.8 103.0
102.8 103.2 102.9 103.7 101.1 102.9 101.5 103.1
101.6 103.5 101.3 102.6 101.7 102.4 101.2 103.1
101.8 101.8 101.9 101.3 101.4 102.4 101.6 102.8
102.7 103.0 101.8 102.2 101.4 101.1 100.7 103.4
103.1 103.2 102.8 104.3 101.2 102.5 101.7 103.4
102.4 103.1 103.1 103.3 101.0 103.3 100.9 102.9
101.3 102.1 103.2 104.2 101.2 102.7 99.4 103.4
102.5 103.2 103.0 102.0 101.7 101.8 100.1 102.7
103.1 103.7 102.4 103.4 101.7 100.9 99.4 103.0
Average 102.4 102.9 102.4 103.0 101.3 102.7 101.0 103.0
Std.deviation 0.7 0.6 0.6 0.8 0.5 1.2 1.0 0.4
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APPENDIX 5  Various results from the panel tests 
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APPENDIX 6  Measured load-deflection data  
 
 
 
Round panels (standard conditions)  4 pages 
Round panels (no friction conditions)  4 pages 
Square panels (standard conditions)  4 pages 
Square panels (no friction conditions  4 pages 
 
 
Channels 
“Displ.”  = Vertical displacement of the load cell 
“Deform. 2”  = Same as “Deform. 2 M” 
“Deform. 2A” = Displacement transducer 1 under the panel 
“Deform. 2B”  = Displacement transducer 2 under the panel 
“Deform. 2 M”  = Average of “Deform. 2A” and “-2B”. Used for load-cell control. 
“Force”  = Load-cell force 
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